Abstract-The speed plasma propagates across a charged solar panel after a primary arc is one of the most important, yet poorly known, quantities in determining Electrostatic Discharge (ESD) currents for spacecraft arcing events. A review of the literature over the last two decades reveals that measured propagation velocity varies by as much as an order of magnitude. To overcome this deficiency, a round-robin set of tests was initiated with partners from industry, academia, NASA and the U.S. Air Force. This paper will provide the most recent results from the Air Force Research Laboratory testing conducted at the Spacecraft Charging and Instrument Calibration Laboratory.
I. INTRODUCTION
A S DIELECTRIC materials interact with the space environment, it is inevitable that an electric potential relative to the spacecraft ground will develop. The severity, and subsequent risk, of this potential is determined by the environment and the properties of the dielectric material comprising the structure. When a primary arc occurs near a charged dielectric surface, a plasma front is formed that sweeps across the surface collecting the imbedded charge and contributing to the power of the arc [1] - [4] . Depending on the speed of the plasma and the degree of discharge, these arcs can be several tens of amperes and pose a significant risk to the spacecraft. For this reason, the Air Force Research Laboratory has initiated a round-robin test campaign involving 14 other partners to determine the speed with which a plasma front travels across a charged surface after a primary arc [5] - [9] . This parameter is critical in determining the current in the arc and will drive spacecraft design criteria for arc tolerance.
Although these results can be applied to any charged dielectric surface, the solar array is typically the largest on a spacecraft and has the highest likelihood of a primary arc. For this reason, this paper focuses on the array charging condition known as inverted gradient (i.e., the dielectric surface has a positive potential relative to the conducting substrate). However, rather than charging an actual panel [10] - [12] , we have chosen to remove the complexity of the array topography (triple junctions, interconnects, etc.) and construct a simplified array. This is similar, albeit smaller in scale, to the work performed in 1982 by Riddel et al. [13] . Reported here are results of the plasma propagation along this simplified solar array.
II. APPARATUS
The simplified array is a sheet of Kapton [polyimide (PI)] film overlaying a segmented aluminum plate. Each segment of the plate is electrically isolated and the overlaying PI is a single sheet. Although the results reported here are all done at room temperature, the fixture can be cooled owing to the use of the thermally conductive electrically isolating material Cho-Therm. The plasma front is assumed to radially spread from a primary arc site; thus the segments are concentric 0093-3813 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. arcs centered on the site. The segments are grouped into two categories, active and inactive, which are shown in the vacuum chamber in Fig. 1 . The currents in the active segments are each monitored by a Pearson coil and recorded using a high-speed digital storage scope. The inactive segments are all electrically tied together ex situ and collectively measured through one coil. This makes the inactive segments effectively spacers between the active ones. Fig. 2(a) shows the diagram of the test setup. The arc site and the inactive zones are routed through coils that have a 10 A/1 V response. The other channels are routed through more sensitive coils with a 1 A/1 V response. The voltage from the coils is recorded on two 4-channel oscilloscopes, both set to trigger on the current in the arc site and taking data at a 0.01 μs rate. The noise threshold for pretrigger data is 52 mA with a slight dc offset of 5 mA on all channels.
Since we are simulating an inverted solar panel gradient, all the segments are biased to a negative potential typically between −650 and −700 V. A 33-nF capacitor and a 100-k resistor in parallel provide an RC time constant of 3.3 sms, far longer than the ∼20-μs arc duration. This circuit effectively decouples the power supply from the system during the arc and prevents the supply from powering the arc directly. It was not the intent of this circuit to mimic the absolute spacecraft capacitance, but simply to provide data with minimal noise. Ferguson and Vayner [5] have shown that the blowoff capacitance has little or no effect on the propagation velocity as measured on real solar panels.
To provide the dielectric surface that is a substitute for the array cover glass, a single sheet of 25-μm-thick PI was adhered to the Al using Vacseal ultra high vacuum-compatible adhesive. The total thickness of the PI and adhesive was measured to be 28 μm. The total capacitance of the fixture surface is calculated to be 0.32 μF, however, the actual value is likely less because the PI sheet developed small blisters over ∼10% of the surface while under vacuum. Because the blisters lifted the PI from the surface, it is assumed that they effectively had no contribution to the capacitance leading to an estimated value of 0.28 μF.
The arc site of the test fixture is the only exposed metal, and care was taken to cover all the edges with a PI tape to insure that arcs were occurring only at the intended site. To initiate an arc, a significant potential must exist between surfaces. In this case, that potential was intended to be between the top AlO 2 surface of the arc site that is in contact with the plasma and the underlying Al. It was thought that the AlO 2 that naturally develops on all Al surfaces in air would be sufficient insulation to provide arcs; however, this proved to be incorrect [14] . A small piece of PI tape was used to partially cover the arc site thus providing the necessary electrical standoff for arcing potential to develop. In the future, anodizing with a thicker layer of AlO 2 on the arc site should remove the necessity of the tape and reduce the number of atomic species in the plasma. Primary arcs were initiated by placing the aforementioned bias on the entire fixture triggering the oscilloscopes off the primary arc site. The Jumbo chamber used is 6 ft (0.9144 m) in diameter and 6-ft long with bulging end caps, for a total volume of about 6.2 m 3 .
The ion environment within the chamber is supplied by a magnetically filtered argon plasma source furnished by Plasma Controls, LLC of Fort Collins Colorado. The background pressure of the chamber was held at 4.0 mPa during the entire test. Prior to each test a spherical Langmuir probe sweep was measured at several places along the test fixture. The electron temperature was measured as 0.5 ± 0.1 eV with good uniformity along the fixture. Since the source is not perfectly aligned with the fixture the ion density shows greater variability along the length. Density was measured as 4.2e13 ± 2.1e13 m −3 with the denser plasma being at the end furthest from the arc site. For details regarding the facility and its resources, please refer to [15] . This plasma is of a higher density than seen in low earth orbit except under the most extreme cases. Measuring tenuous plasma in a chamber introduces uncertainty and we chose to have In addition to monitoring the current on the active segments, the fixture was recorded using a calibrated video camera with a frame rate of 300 frames/s. This camera is not sensitive enough in the IR to capture any optical signature from the plasma front; however, it was helpful in confirming the primary arc location and giving some information about the total power output of the arc.
III. RESULTS
While many shots were captured with the oscilloscopes, it was difficult to capture the same events with the camera. For this reason, this analysis will be focused on two shots (shots 8 and 12) that contain both optical and electrical data.
A. Shot 8
This shot was recorded under the conditions described above and had a substrate bias of −650 V and a peak arc site current of 12 A. −650 V was chosen because this voltage was found to produce arcs at a reasonable rate (∼1/min) for our fixture. Fig. 3 shows the current collected on all the active segments, the arc site, and the inactive segments (dead zones). The active segments are numbered 1-5 with 1 being closest to the arc site. The gold trace is the current from the arc site and appears Gaussian with the exception of two peaks that occur just before the maximum peak and are marked with the vertical lines. These fluctuations in the arc current are of unknown origin, but they can be seen to varying degrees in all the segments at the same time. Since the determination of plasma speed is found by inspection of the currents on the segments, it is necessary to eliminate the peaks that originate at the origin. Because these false peaks are assumed to be an experimental artifact, they are neglected in determining the plasma propagation speed. Since some of the energy radiated from the arc is collected by the segments we can calculate the fixture efficiency at collecting this energy. The currents from all the segments and dead zone are summed and the ratio to the arc site current is calculated. This is represented with the 20-point boxcar average shown as a black line in Fig. 3 . During the arc there are three sources of charge built into the circuit itself. The first is the 33-nF capacitor (Q cap ) in the circuit and the second is the 280-nF capacitance (Q plate ) of the test plate itself. Third, there is the charge stored in the ambient plasma of the chamber itself. With a −650 V bias on the system, there are Q cap = 21 μC stored in the capacitor and Q plate = 182 μC in the plate. When the arc is in progress, the charge from the plate seeks a path to ground through the arc site and is measured and shown in the bottom curve in Fig. 3 . Integrating the area under that curve we find that there was 111 μC (or 61% of Q plate ) from the plate contributing to the arc current. At a plasma density of 4.2 ± 2.1 × 10 13 /m 3 , the charge in the plasma is about 42 ± 21 μC. If we assume that the total charge of the capacitor is added to the stored charge on the plate and the plasma, then the total charge delivered to the arc site during the arc is 153-195 μC. However, the total charge going through the arc site is measured by integrating the top curve in Fig. 3 and totals 193 μC, within the errors of our estimate. Here, the blowoff current is 21 μC plus 42 μC = 63 μC.
A word needs to be said here about the arc site current incorporating the charge in the ambient plasma. Just as the expanding arc plasma from the arc site sweeps over the plate, discharging its surface, it sweeps through the ambient plasma as well, discharging it at the interface. Thus, it acts much like a plasma contactor, where the surface of the plasma ball collects the ambient plasma thermal current through its surface. This current is transmitted to the chamber wall, and shows up as arc site current, but not as plate current [16] . For ambient plasma of much lower density, this charge would be correspondingly less, the blowoff current would be less, and Q cap would dominate.
The optical signature of the arc confirms the location and, based on the polarity of the current, is assumed to have bridged from the exposed Al substrate to the overlaying PI tape as intended. This can be seen in the video frame shown in Fig. 4 .
It is now necessary to examine data from the segments using the arc site current as a guide to determine what peaks should be ignored. Unfortunately one cannot simply assume that there is no current on the segment prior to the arrival of the plasma. As can be seen in Fig. 5 , the current at the arc site and in segments 1 and 5 starts simultaneously to within about 0.01 μs. This may be because when the arc occurs every electron lost at lost from the arc-site raises the arc-site potential, and raises the potential of the Kapton surface through capacitive coupling, and the positive surface then can collect electrons from the ambient plasma. For this reason, the current on all the segments starts at virtually the same time as the arc, as seen in [8] , [10] , [17] , and [18] . The simultaneous onset of current has been seen in virtually all experiments of this kind and has sometimes been postulated to be caused by the generation of so-called fast electrons [18] . Reasons have been given to be skeptical of the fast electron idea [5] . However, this paper is not the right forum for this debate. Suffice it to say that even if electrons are emitted from the arc site with 10 eV energies, it would still take about 0.5 μs for them to reach the final segment in our test, whereas the current coincidentally starts to within <0.01 μs. To overcome the simultaneous onset of the currents, the authors have chosen to try and identify individual features in the current traces and track them from segment to segment.
To identify the major features, the current from each segment was fit with the least possible number (3-5) of Gaussian curves to provide a good fit to data. There is no physical meaning to the use of Gaussian curves; they are simply used as a systemic way of tracking features from one segment to the next. This method allows for identification of features seen in the current from each segment. This is illustrated for the current on segment 5 shown in Fig. 6 and is representative of all the segments.
Initially, it was assumed that the plasma was traveling at a single constant velocity and that features in the current could be tracked from one segment to the next. After identifying the major features in each segment, it was determined that a single velocity could not be determined. In fact, if one takes the peak current in each segment and calculates the velocity thereby, an accelerating plasma is inferred! An attempt was also made to track the individual features assuming accelerating or decelerating plasma, but no correlation could be found. It was then assumed that the plasma contains several components traveling at different constant velocities. This is not unreasonable, considering that the plasma is composed of the elements that were vaporized during the primary arc [9] , [19] . Given the composition of the arc site these. Elements are most likely H, C, N, O, and Al. Fig. 7 shows the current in all the segments with the major features identified with markers. The dotted lines are an estimation of the different velocities that can be tracked across several of the segments. Fig. 8 shows a plot of the segment distance from the arc as a function of time. This allows easier identification of features as they transit. Correlation was made by assuming that all features start at the origin and have a constant velocity indicated by the slope of a straight line. While it is possible to draw a number of straight lines on this plot there were only three that intersected >2 points and the origin within the error of the measurements. This methodology leads to three different velocities: 1) 16 ± 2 km/s; 2) 47 ± 2 km/s; and 3) 75 ± 3 km/s. One might expect that the different velocities would be proportional to the inverse square root of the mass of the elements we expect to see in the plasma. In Section IV, we hypothesize the components that may be in the arc plasma.
As the charge is bled out of the system, the negative potential at the arc site falls below an undetermined threshold and is no longer sufficient to sustain the plasma through which the current is flowing. This cutoff is extremely abrupt, lasting only ∼20 ns or less. The cutoff is fast enough to cause ringing in the current of the segments for a short while after. The arc site cutoff can be observed in Fig. 9 plotted in red, as well as the cutoff on segment 3 (plotted in green) at the same time and is representative of all the segments for all the arcs in this paper. 
B. Shot 12
Applying the same methodology to shot 12 yields similar results, but with some eccentricities. The arc site exhibits only one major current fluctuation and has a slightly lower peak current of 10.5 A as can be observed in Fig. 10 . After fitting the segment currents with a superposition of Gaussian functions and plotting each peak in time and distance from the arc site (as was done in Fig. 8 ) a pattern began to emerge. Fig. 11 shows the plot with lines showing the converging data, but unlike shot 8 the lines do not converge on the origin. This means that current was flowing in the system prior to the oscilloscope trigger. There are many different possibilities for how this could occur, the most likely being that a weak arc developed someplace other than the arc site and stimulated a plasma generating arc at the site, triggering the scope. This can be observed in Fig. 10 as a weak peak occurring before the vertical line.
The idea of a stimulated arc is not new and has been seen in other contexts [20] . However, if we simply assume that the time when the lines converge (53.5 μs) is t = 0, then we can track the identified features as they spread out to the segments. This results in three different velocities 100 ± 9, 46 ± 4, and 14±2 km/s with the last two velocities being within the errors of those found in shot 8.
Treating the total measured discharge in arc 12 as was done in shot 8 we find that 109 μC (or 59% of Q plate ) are measured coming from the plate and 130 μC from the plate and Q cap combined. As before, the charge in the plasma was 42 ± 21 μC. The total charge in the arc is 190 μC, compared with 151-191 μC in our estimate, very similar to the situation in shot 8. The measured charge going through the arc site is within the errors of the estimate.
IV. COMPONENTS OF THE PLASMA
The three velocities found in shot 8 (the shot with the lowest error bars) were: 1) 16 ± 2 km/s; 2) 47 ± 2 km/s; and 3) 75 ± 3 km/s. The ratio of the last two velocities is 1.6 ± 0.13. Because the arc bridged from the Al to the Kapton two of the expected components of the plasma are aluminum (m = 27 amu) and carbon (m = 12 amu). The square root of the mass ratio of these two is 1.5, the same as the velocity ratio, within the errors in the velocities. If these are indeed the atomic components corresponding to these velocities, then the mass of the slowest component (with 16 km/s) becomes roughly 230 amu, which may correspond to the Kapton fragment breaking the single bonds at the N atoms [total mass 214 (see Fig. 12 )].
The question may be asked whether plasma with three major components is in agreement with other measurements of flashover on surfaces. Interestingly, Harris et al. [19] found the following velocities for three expanding plasma components in a flashover experiment: 1) 9.1 cm/μs (91 km/s); 2) about 2.0 cm/μs (20 km/s); and 3) 0.99 cm/μs (9.9 km/s). In that experiment, the arc site had aluminum tape on acrylic. It would be expected that the differing chemical composition and plasma energies would give different component velocities than in our experiment. However, the fact that the results of that experiment could only be interpreted in terms of a multicomponent plasma, with differing component velocities, lends credence to our results.
And, finally, Young and Crofton [21] and Young et al. [22] have shown that in their flashover experiments, the results could only be understood by postulating an expanding plasma with a range of velocities. Thus, we believe that our results are consistent with other measurements in the field and fit in with the literature shown in Table I . To be fair, many of these values were obtained using different definitions and measurement techniques for the plasma expansion velocity.
V. CONCLUSION
Because of the questions raised by this paper, it is necessary to broaden the depth of inquiry to include changing several of the variables discussed here.
1) The addition of four-point cylindrical Langmuir probes will allow a direct measure of the plasma, thus validating the idea that the plasma is comprised of different velocity components. This improvement has already been implemented and is currently undergoing tests. 2) Lowering the background plasma density to reduce the uncertainty on the 42-μC plasma charge. 3) Changing the capacitance of the biasing circuit, but leaving the RC time constant the same, will allow the determination of the dependence of plasma velocity on total primary arc energy. 4) Measuring the surface voltage to test the capacitive coupling concept for simultaneous current onset. 5) There is some evidence that there are very slow components of the plasma that do not make it beyond the second segment before the arc is extinguished. Making the RC time constant of the circuit longer would allow these slower components to be measured. Knowing this might explain some of the features that do not appear to track from one segment to the next. 6) Placing retarding probes (fences, perhaps) before the segments to roughly measure the energy of the ions would help to clarify the components. 7) Changing the material of the arc site to Cu or Ag. This will help determine the dependence of velocity on the material being vaporized. 8) Conducting an open air arc test on the fixture to establish how susceptible the test setup is to electromagnetic interference generated from the arc. The measurement of the plasma propagation across a charged dielectric surface is notoriously difficult, and the data most often yield confusing results. This paper is no different, however, an experimental method has been developed that shows promise in eliminating some of the inherent problems. Table I shows some of the widely varying results available in the literature. The data in Table I are presented without distinction of experimental method and it may be unfair to make direct comparison. There are four main methods of determining plasma velocity; first is looking for peaks in current along a string or in segmented arrangements as we have done here. Second is measuring the fraction of insulating material discharged. Third is looking at surface emission of light as the plasma propagates. Fourth is using Langmuir probes to measure the plasma directly. Each method has its advantages and we recognize that a through comparative study into each method would be beyond the scope of this paper.
Recognizing that the electric potential of the entire fixture, including the Kapton, rises when the primary arc is initiated explains the near simultaneous onset of current in the segments. Careful examination of the primary arc current and eliminating fluctuations emanating from the source removes features that are caused by the electric field of the fixture rather than those of the plasma. Fitting the current of each segment with some number of Gaussian curves provides a quantitative way of identifying and tracking plasma wave fronts as they transit from one segment to the next. This method of analysis needs further testing and validation; however, it does show a promising level of repeatability as seen in the two shots discussed here.
